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I N T R O D U C T I O N
The temporal relationship between pre-and postsynaptic activity can determine the direction of plasticity in synapses from several brain areas (Bi and Poo 1998; Debanne et al. 1994 Debanne et al. , 1998 Feldman 2000; Levy and Steward 1983; Markram et al. 1997; Zhang et al. 1998 ). This spike-timing dependent plasticity (STDP) is sensitive to the order of and interspike interval (ISI) between action potentials. Specifically, repetitive presentation of a presynaptic spike followed by a postsynaptic spike induces long-term potentiation (LTP). Conversely, if the presynaptic spike succeeds the postsynaptic one, long-term depression (LTD) ensues. As depicted in the schematic in Fig.  1 , the interval between the pre-and postsynaptic spikes modulates the degree of STDP. A sharp discontinuity is observed at 0 ms where differences of a few milliseconds can determine whether maximal LTP or LTD is induced (Bi and Poo 1998; Feldman 2000; Zhang et al. 1998) .
Since STDP exhibits a LTD and an LTP component, it is reasonable to ask whether it is based on the same mechanisms as associative LTP and homosynaptic LTD. Associative LTP relies on N-methyl-D-aspartate receptors (NMDARs), which function as coincidence detectors of pre-and postsynaptic activity. A presynaptic spike results in the release of glutamate, which binds to the NMDAR. Depolarization caused by a postsynaptic spike then produces a voltage-dependent expulsion of Mg 2ϩ . Only when these events occur in close temporal proximity will the NMDA channels allow the influx of Ca 2ϩ . Since glutamate can remain bound to the NMDAR for tens of milliseconds, a postsynaptic spike occurring after a presynaptic one can result in Ca 2ϩ influx. This is a plausible mechanism for spike-timing dependent potentiation, as both the interval and order sensitivity would arise in part from the properties of the NMDAR.
The mechanisms underlying the induction of homosynaptic LTD are more complex. While low-frequency stimulation (LFS) can produce an NMDAR-independent form of LTD that depends on metabotropic glutamate receptors (Oliet et al. 1997) , LTD induced by LFS generally depends on NMDARs (Bear and Abraham 1996) . NMDAR-dependent LTD can also be induced by pairing presynaptic stimulation with moderate depolarization that is thought to partially open NMDA channels (Cummings et al. 1996) . These data are consistent with what will be referred to as the standard model of long-term plasticity, which holds that moderate levels of Ca 2ϩ above baseline induce LTD while high levels cause LTP (Lisman 1989) . It is not known whether these same NMDAR-based mechanisms can account for the order and interval sensitivity of the LTD component of STDP. Specifically, it is unclear why an NMDAR-based model would produce little or no LTD at long negative ISIs and maximal LTD at short ones. In both cases, the membrane of the postsynaptic cell should have returned to close to its resting potential before the release of glutamate from the presynaptic terminal.
To determine whether the standard model of long-term plasticity can account for the characteristics of STDP, we constructed a set of models that capture the fundamental properties of the NMDAR and of postsynaptic Ca 2ϩ influx. The first of these models is based on the NMDAR as an associative molecule coupled with the assumptions of the standard model. The second involves the NMDAR and an additional coincidence detector that is primarily responsible for the timing sensitivity of LTD. Our results predict that a second coincidence detector is necessary to account for the temporal properties of STDP.
M E T H O D S
A presynaptic and postsynaptic cell were simulated; each cell was modeled as an integrate-and-fire unit. The E leak was Ϫ60 mV, and spike threshold was set at Ϫ40 mV. Membrane voltage was reset to Ϫ56 mV after a spike. All simulations were conducted with the modeling program NEURON (Hines and Moore 1997) .
Synaptic currents
The pre-and postsynaptic cells were connected by an excitatory synapse with both ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and NMDA receptors. The channel kinetics and synaptic currents were simulated as described previously (Buonomano 2000) . The constants determining the binding (␣) and dissociation (␤) of glutamate to the postsynaptic receptors were based on the values in Buonomano (2000), Bekkers and Stevens (1993) , and Lester and Jahr (1992) , with the exception of the fast dissociation constant for NMDARs in model 1 (see DISCUSSION) , and are listed below 
Model 1
The first model simulates the peak total Ca 2ϩ concentration of the postsynaptic terminal. This Ca 2ϩ pool is fed by two sources with independent influx kinetics: one through voltage-gated Ca 2ϩ channels (VGCCs), and the second through NMDA channels. The Ca 2ϩ that enters the cell through the VGCCs (VGCa 2ϩ ) was modeled as a sigmoidal function dependent on the membrane voltage, with a decay time constant () of 15 ms and a driving force of (v Ϫ 140) in the following equation
where k 1 ϭ Ϫ0.023 and the voltage-dependent channel kinetics were represented as (Bekkers and Stevens 1993) . The glutamate dependence is determined by the R NMDA term, calculated as described in Buonomano (2000) . The change in NMDAR Ca 2ϩ entering the cell is calculated using these terms, the driving force, and the Ca 2ϩ decay rate dNMDACa dt
The results of this model were determined for two NMDAR dissociation constants (see Fig. 2D , results). When ␤ ϭ 0.075, k 2 ϭ 0.6178, and for ␤ ϭ 0.025, k 2 ϭ 0.6792. To calculate Ca 2ϩ as a function of ISI for this model, the results of the influx equations for NMDACa 2ϩ and VGCa 2ϩ were summed, and the maximum value of this sum, (Ca peak ) was recorded at each ISI. This value was also used to calculate plasticity. The equation describing plasticity (P) as a function of peak Ca 2ϩ , as plotted in Fig. 2C , is represented as follows
For calculation of the model using an NMDAR dissociation constant of ␤ ϭ 0.075: k 3 ϭ 0.2118, k 4 ϭ 0.7128, and for ␤ ϭ 0.025: k 3 ϭ 0.4534, k 4 ϭ 0.9314.
Model 2
The fundamental difference in this model is the addition of a second associative mechanism to account for LTD. Two separate Ca 2ϩ sources act independently within the cell. Ca 2ϩ influx through VGCCs is involved in the LTD pathway and Ca 2ϩ from NMDA channels is involved in the induction of LTP. The equation for the VGCC opening kinetics, (v), is identical to that for model 1. Equation 1 is used again for VGCa 2ϩ , with the scaling factor k 1 ϭ Ϫ0.019. The coincidence detection in this pathway is determined by the simultaneous presence of both glutamate at the terminal (C), and Ca 2ϩ from VGCCs. We will refer to the resulting associational value as mGlu (see DISCUSSION) mGlu ϭ VGCa ‫ء‬ C ( 4) FIG. 1. Schematic of order-specific spiketiming dependent plasticity (STDP) function. Maximal plasticity is produced by short negative or positive interspike intervals (ISIs). Representative traces from the models of pairings at negative ISIs (gray inset) and positive ISIs (black inset).
The model outputs the integral of this LTD coincidence detection value across each ISI. The integral's relationship to plasticity, once corrected for baseline, is directly proportional to that used as the measure of LTD. The possible contribution of VGCa 2ϩ to LTP is left undefined.
The NMDACa 2ϩ is determined by the following equation. The Mg 2ϩ block equation, B(v), and the glutamate-dependent term, R N -MDA, are calculated in the same manner as model 1
The integral of this Ca 2ϩ measure produces a value for the total NMDAR-dependent Ca 2ϩ concentration in the soma across one pairing and is calculated at each ISI. Similarly to the VGCa 2ϩ activated pathway, this integral is used as the direct measure of plasticity, in this case LTP.
Induction protocol
Pairing was simulated by eliciting an action potential in each cell at ISIs ranging from Ϫ50 to ϩ100 ms. ISIs were defined by the onset time of the first event to the onset time of the second event. For postsynaptic bursts the cell spiked three times at 20 Hz.
R E S U L T S

Model 1
The first model was based on the hypothesis that increases in Ca 2ϩ above baseline account for both LTD (low Ca 2ϩ ) and LTP (high Ca 2ϩ ). To determine whether this standard model could at least in theory account for STDP, we optimized the model parameters toward this goal. Two important assumptions were made: the first that Ca 2ϩ from the VGCCs and NMDA channels combines into a single pool; second, that the postsynaptic action potential exhibits an afterdepolarization that lasts on the order of tens of milliseconds (e.g., Fig. 3 in Feldman 2000) . This slower positive voltage component of the spike serves as the record of postsynaptic activity. Figure 2A represents the Ca 2ϩ influx at ISIs of Ϫ10 ms (top) and ϩ10 ms (bottom). The traces show the Ca 2ϩ contributions from both channels as well as the peak total Ca 2ϩ (red line) for each ISI. The peak Ca 2ϩ level is significantly higher for the ϩ10-ms interval due to both the NMDAR response to simultaneous binding of glutamate and depolarization (blue line) and the temporal summation of Ca 2ϩ influx from VGCCs and NMDA channels (green line). The percentage change from baseline of peak Ca 2ϩ values recorded for each ISI produce the relationship depicted in Fig. 2B . There is an increase in Ca 2ϩ concentration from negative to positive ISIs that declines again at long positive ISIs. If the Ca 2ϩ pool is solely responsible for producing LTD at negative intervals as well as LTP at positive intervals, the model must be constrained so that the Ca 2ϩ level at the 0-ms ISI is the LTD/LTP threshold. It is possible to design a function relating Ca 2ϩ to plasticity that satisfies these requirements (Fig. 2C) .
Combining the relationships in Fig. 2 , B and C, results in the plasticity-ISI function shown in black in Fig. 2D . Although LTD and LTP are observed at the expected negative and positive intervals, respectively, LTD is also observed at long positive intervals. This is an important parameter-independent result of this model. For example, the entire model was recalculated after changing the NMDAR dissociation constant (␤) from 0.075 to 0.025. The functional consequence of this change is that glutamate remains bound to the receptor for a longer period of time, allowing more Ca 2ϩ to accumulate in the postsynaptic cell. This results in the relationship of plasticity to ISI represented in gray in Fig. 2D . Despite the changes in overall Ca 2ϩ concentration that the altered parameter causes, the model still produces LTD at positive ISIs. This departure from the order specificity depicted in Fig. 1 is predictable from the plot of Ca 2ϩ by ISI (Fig. 2B) , which shows that the Ca 2ϩ concentration at positive ISIs will eventually fall within the range that produces LTD.
Model 2
We next examined whether the STDP function illustrated in Fig. 1 can be simulated by adding a second coincidence detector. This model, like model 1, assumes that supralinear quantities of Ca 2ϩ entering through the NMDA channels from an excitatory postsynaptic potential (EPSP) followed closely by an action potential cause LTP and its timing sensitivity. The timing of LTD, however, is determined through a second point of association that detects the interaction between a glutamateactivated pathway and the Ca 2ϩ entering through the VGCCs due to the postsynaptic spike. Experimental data from acute hippocampal slices support a coincidence detection mechanism based on Ca 2ϩ -dependent modulation of the metabotropic glutamate receptor (mGluR)-mediated pathway (Normann et al. 2000, see DISCUSSION) . Based on this mechanism, at negative ISIs, voltage-gated Ca 2ϩ would enter the postsynaptic cell first. Depending on the Ca 2ϩ decay time and the length of the ISI, a certain concentration of Ca 2ϩ would still be present when glutamate is released from the presynaptic terminal. The VGCC-based Ca 2ϩ would then interact directly with the mGluR, or with a downstream element in the mGluR-activated pathway. Figure 3A plots Ca 2ϩ activity by ISI and shows the two functionally distinct Ca 2ϩ pools: Ca 2ϩ entering through NMDA channels (black), and that which enters through VGCCs and interacts with the glutamate-dependent pathway (gray). At the negative ISIs, the LTD-inducing response depends on the amount of calcium from the VGCCs present at the time that the glutamate-dependent pathway is activated. The interval sensitivity of this response is derived from the Ca 2ϩ decay rate.
Pre-post activity triggers the NMDA-based response that produces LTP, as described in model 1. Post-pre activity, however, induces functional changes through a separate mechanism, detecting Ca 2ϩ from VGCCs rather than the NMDA receptor. Therefore in its simplest form, the mechanisms underlying LTD and LTP are independent in this model. The graph of the relationship of plasticity to ISI in Fig. 3B shows that the separate functions relating the two types of activity to potentiation and depression are assumed to be directly proportional to the values for postsynaptic Ca 2ϩ -based activity. Most importantly, the model maintains order specificity and accounts for the sharp discontinuity between maximal depression and potentiation as the ISI approaches zero. 
STDP using burst protocols
To determine how both models generalize to more physiological activity patterns, we paired a presynaptic spike with a burst of three postsynaptic spikes. Figure 4A shows the resulting Ca 2ϩ to ISI relationship for model 1. Increasing the number of postsynaptic spikes increased the Ca 2ϩ influx through the VGCCs, forcing the calcium concentration for all of the ISI points to fall well above the range for LTD. Since the type of plasticity in model 1 is determined by a fixed threshold that relates to the Ca 2ϩ levels produced by single spikes, the model is sensitive to increases in the degree of activity. Figure 4B represents the responses from model 2 when a protocol involving a postsynaptic burst was implemented. The shape of the plasticity-to-ISI function is similar to that of the original single spike simulation and maintains order sensitivity. The independence of the two pathways allows the two types of activity to scale without affecting the qualitative shape of the function. The response of model 2 to increased activity is also well predicted by linear calculations from its original singlespike STDP function, as shown by the red curve (see DISCUS-SION) .
D I S C U S S I O N
The purpose of these models was to determine whether the temporal properties of STDP can be accounted for by the standard LTP/LTD model, or whether STDP is more consistent with a mechanism that relies on two coincidence detectors.
Model 1
Our first simulations were based on the standard model, in which there is a single association point, and the degree of Ca 2ϩ influx determines the transition between LTD and LTP. To produce the timing of LTD at negative ISIs, we assumed that postsynaptic spikes exhibit an afterdepolarization that partially depolarizes the membrane for tens of milliseconds. While the NMDAR is responsible for "recognizing" input order, Ca 2ϩ from VGCCs enhances the graded response to post-pre activity across negative ISIs, thereby increasing the range of moderate Ca 2ϩ concentrations that can produce LTD. Voltagegated Ca 2ϩ also acts to magnify the large Ca 2ϩ increase after 0 ms that produces LTP. The contribution of voltage-gated Ca 2ϩ to the central Ca 2ϩ pool is supported by data showing that STDP relies on activation of both NMDARs and VGCCs (Bi and Poo 1998).
The NMDAR dissociation constant used in model 1 was artificially short to produce a narrow range of ISIs that cause LTP. This is because there are little data indicating what might be constraining LTP to a limited range of positive ISIs given the duration of time that glutamate is bound to the NMDAR. We have, however, shown that while longer, more physiological constants result in LTP at a disproportionally long range of ISIs, they still produce the same type of plasticity profile (Fig. 2D) .
The most significant result from model 1 is that LTD occurs at long positive intervals. This is due to the drop in Ca 2ϩ influx below the LTP threshold as the durations of the positive ISIs increase. A temporal profile of the shape shown from model 1 in Fig. 2D is general to models that rely on a single coincidence detector coupled with the assumptions of the standard model. For example, models that did not include a VGCC contribution and relied only on Ca 2ϩ from NMDA channels (data not shown) also produce LTD at positive intervals. In conclusion, since the standard model explicitly relies on increases in Ca 2ϩ from a single source to generate LTD and LTP, and since longer and longer positive ISIs induce monotonically decreasing levels of Ca 2ϩ , Ca 2ϩ will eventually fall into the same range that produced LTD for negative ISIs. Thus our results do not depend on model parameters or the level of detail incorporated into the simulations. Interestingly, our simulations account for recent experimental results in acute hippocampal slices in which LTD was obtained at negative and positive ISIs (Nishiyma et al. 2000) . We predict that LTD in this case relies on the standard model via the same mechanisms that produce LTD by pairing presynaptic activity with postsynaptic depolarization to Ϫ40 mV (Cummings et al. 1996) .
Model 2
Model 2, which incorporated a second coincidence detector, was more effective than model 1 in simulating the observed relationship between plasticity and ISI reported in hippocampal   FIG. 4 . Results from extending the induction protocols for models 1 and 2. A single presynaptic spike was paired with a burst of 3 postsynaptic spikes across a range of ISIs. A: percentage change in peak Ca 2ϩ vs. ISI output of model 1 for the single-spike (gray trace) and burst (black trace) protocols. Increasing the postsynaptic activity changes the shape and timing sensitivity of the function, and also shifts it entirely above the long-term potentiation (LTP) threshold (red line). B: STDP vs. ISI curves from model 2 for the single spike pairings (gray) and burst (black) pairings. The red trace is the predicted STDP function for the burst protocol.
cell and slice cultures, and retino-tectal and cortical synapses (Bi and Poo 1998; Debanne et al. 1998; Feldman 2000; Zhang et al. 1998 ). In this model, the LTD and LTP components of STDP are detected and implemented by separate mechanisms. The effective LTP window relies on the time constant of the NMDAR-mediated component of the EPSP. The LTD window relies on the time constant of voltage-gated Ca 2ϩ decay, as that is the persistent signal of postsynaptic activity for the second coincidence detector once it is activated by presynaptic input.
The major prediction of this model is that a second coincidence detector is required. In principle other molecules involved in the Ca 2ϩ pathway, or a more complex model of the NMDA receptor (Senn et al. 2000 ; see following text) could fulfill this role. However, given the available experimental data, we would suggest that the mGluR pathway is the most likely candidate for the second coincidence detector. It is known that an mGluR-dependent form of homosynaptic LTD can be induced via LFS in the hippocampus (Huber et al. 2000; Oliet et al. 1997) . There is also direct evidence from the work of Normann et al. (2000) showing that spike-timing dependent LTD in the hippocampus can be blocked by mGluR antagonists. Additionally, it is known that second-messenger systems activated by mGluRs function as a coincidence detector in Purkinje cells (Daniel et al. 1998 ). In a mechanism functionally similar to model 2, Ca 2ϩ from VGCCs is coupled with a downstream product of the mGluR pathway diacylglycerol (DAG) in activating protein kinase C to produce LTD. Therefore, although the metabotropic pathway is relatively slow, there is evidence that it can produce temporal accuracy given the regulation of Ca 2ϩ through VGCCs. It is important to note that the model is not sensitive to the specific shape of the action potential, nor is it affected by small changes in the relative size of the EPSP, both of which could vary from cell to cell. In this aspect, it is more physiologically robust than model 1.
We cannot make predictions about which specific pathways are involved in STDP. For example, we cannot rule out the possibility that mGluRs have a modulatory or additive role in model 1, as suggested by Nishiyama et al. (2000) . Additionally, model 1 is consistent with experimental data showing that APV blocks the induction of LTD at negative ISIs (Bi and Poo 1998; Debanne et al. 1994; Feldman 2000) . APV could affect spike timing LTD produced by the mechanisms in model 2 since Ca 2ϩ from NMDA channels could have a gating or modulatory effect. However, the model provides no explicit role for NMDAR activity in depression. Thus our mechanistic predictions are limited to the number of coincidence detectors involved.
Alternate STDP models
We examined alternate models for STDP as well. One possibility based on a single coincidence detector is that LTD is produced by effective decreases in Ca 2ϩ influx below that caused by an EPSP or action potential alone. By this mechanism, if the postsynaptic cell shows an afterhyperpolarization, a post-pre pairing will decrease the EPSP and actually produce less calcium than baseline. However, this concept is not well supported by experimental observations.
One could also construct a single coincidence detector model with mechanisms that discriminate between the same calcium concentration at a negative and positive ISI. This would require an additional signal that could be used to mark or differentiate the order of the inputs. Alternatively, one could hypothesize that the NMDAR exhibits two functional states, one conducive to potentiation and one to depression (Senn et al. 2000) . Both types of models are conceptually equivalent to our model 2 in that they require two independent coincidence detectors.
Computational implications
Functionally LTD and LTP are thought to allow neurons to develop selective responses to correlated patterns of activity. Within this framework it has been hypothesized that STDP provides a way to implement synaptic competition (Song et al. 2000) , or that STDP-like rules account for the development of responses to temporal order of stimuli (Abbott and Blum 1996) . When considering the computational role of STDP, it is necessary to understand the following: 1) how STDP generalizes from the single discrete pre-and postsynaptic spikes to more complex sequences and bursts and 2) whether net plasticity in these cases can be predicted from the linear summation of the STDP functions observed experimentally.
Our results from model 1 suggest that models relying on the same single pool of Ca 2ϩ to produce LTD and LTP will generate an STDP function that is sensitive to spike properties and the induction protocol used (Fig. 4A ). This sensitivity may be inherent in any mechanism relying only on NMDARs. Consequently, model 1 may not be robust under physiological conditions in which spike shape varies or membrane potential fluctuates. In contrast, the existence of a metabotropic pathway to induce LTD (Normann et al. 2000; Oliet et al. 1997 ) could allow cells to independently measure the degree of LTD and LTP produced by complex sequences, and then compute the net plasticity. As shown in model 2, the presence of two coincidence detectors allows for stable plasticity-ISI functions. The increase in postsynaptic activity suggests an extension of the functional window that produces LTD. This is supported by observations in organotypic hippocampal slices in which the duration of the postsynaptic depolarization is varied (Debanne et al. 1994) . Changing the postsynaptic activity to a burst of spikes in model 2 produces plasticity that can be relatively well predicted from the single spike plasticity versus ISI function (Fig. 4B) . However, this is largely due to the assumption that the LTD and LTP paths add linearly. Indeed, we believe that this is unlikely in vivo, and predict that the STDP function as a whole will undergo significant changes when pre-and postsynaptic parameters are varied.
Conclusions
Based on the results of our models, we propose that two types of STDP have been observed experimentally. The simulations we have described show that the first type, based on the standard Ca 2ϩ -NMDAR model can generate temporally sensitive plasticity but generates LTD at long positive ISIs (as seen in Nishiyama et al. 2000) . Additionally, we predict that STDP relying on the standard model will be sensitive to parameters such as shape of the action potential and initial EPSP amplitude.
Our data suggest that the second type of STDP, which is strictly order-specific, producing LTD only at negative intervals, relies on the presence of two coincidence detectors. This mechanism is more robust and should not be qualitatively affected by variations in the action potential shape or EPSP amplitude. In fact, given the dual pathway nature of the model, LTD and LTP may be dissociable under certain experimental conditions. The model also predicts that induction protocols that use postsynaptic bursts should extend the range of ISIs that produce plasticity, but not affect the order specificity of the STDP, nor the ability to induce LTD (Debanne et al. 1994) . Given these properties, this type of STDP is more likely to be of functional relevance for the complex spike patterns observed in vivo, and thus it will be of importance to characterize the nature of the second coincidence detector.
